Radiation reaction is the influence of the electromagnetic field emitted by a charged particle on the dynamics of the particle itself. Taking into account radiation reaction is essential for the correct description of the motion of highenergy particles driven by strong electromagnetic fields. Classical theoretical approaches to radiation reaction lead to physical inconsistent equations of motion. A full understanding of the origin of radiation reaction and its consistent description are possible only within the more fundamental quantum electrodynamical theory. However, radiation-reaction effects have never been measured, which has prevented a complete understanding of this problem.
Here we report experimental radiation emission spectra from ultrarelativistic positrons in silicon in a regime where both quantum and radiation-reaction effects dominate the dynamics of the positrons. We found that each positron emits multiple photons with energy comparable to its own energy, revealing the importance of quantum photon recoil. Moreover, the shape of the emission spectra indicates that photon emissions occur in a nonlinear regime where positrons absorb several quanta from the crystal field. Our theoretical analysis shows that only a full quantum theory of radiation reaction is capable of explaining the experimental results, with radiation-reaction effects arising from the recoils undergone by the positrons during multiple photon emissions.
This experiment is the first fundamental test of quantum electrodynamics in a new regime where the dynamics of charged particles is determined not only by the external electromagnetic fields but also by the radiation-field generated by the charges themselves. Future experiments carried out in the same line will be able to, in principle, also shed light on the fundamental question about the structure of the electromagnetic field close to elementary charges.
A complete understanding of the dynamics of charged particles in external electromagnetic fields is of fundamental importance in several branches of physics, spanning e.g. from pure theoretical areas like particle physics, to more applicative ones like accelerator physics. Since accelerated charges, electrons for definiteness, emit electromagnetic radiation, in the realm of classical electrodynamics a self-consistent equation of motion of the electron in an external electromagnetic field must take into account the resulting loss of energy and momentum [32, 31] . However, the inclusion of the reaction of the radiation emitted by an electron on the motion of the electron itself (radiation reaction) leads to one of the most famous and controversial equations of classical electrodynamics, the Lorentz-Abraham-Dirac (LAD) equation [3, 4, 5, 6, 7] . The LAD equation is plagued by serious inconsistencies like the existence of "runaway" solutions, with the electron acceleration diverging exponentially in time even if the external field identically vanishes. The mentioned exponential growth is found to occur at time scales of the order of the time that light needs to cover the classical electron radius r e = e 2 /mc 2 = 2.8 × 10 −15 m, i.e. τ = r e /c = 9.5×10 −24 s [32, 31, 7] . Now, the classical electron radius is α = e 2 / c 1/137 times smaller than the reduced Compton wavelength λ C = /mc = 3.9×10 −13 m, which is the typical length of quantum electrodynamics (QED) [8] and this also applies to the time scale τ . This occurrence suggests that a complete understanding of the problem of radiation reaction requires an approach based on QED. Below we will concentrate on a regime where both quantum and radiation-reaction effects are substantial, and we therefore refer the reader to the recent reviews [9, 10, 11] concerning classical aspects of radiation reaction. We only recall here that the discussed overlapping between classical and quantum scales implies that within the realm of classical electrodynamics the LAD equation can be consistently approximated by an equation, known as Landau-Lifshitz (LL) equation, which is not plagued by the above-mentioned inconsistencies [31] . In order for quantum effects to be negligible, in the instantaneous rest frame of a relativistic electron the external field has to vary slowly on space (time) distances of the order of λ C (λ C /c) and its amplitude has to be much smaller than the so-called critical electric (magnetic) field of [8, 12, 13, 36] .
These conditions guarantee, among others, that the recoil undergone by the electron during the emission of a single photon inside the considered field, is much smaller than the electron energy and the whole emission process can be treated classically as a continuous emission. In the situation investigated below, the second mentioned condition plays a major role and, if we define the parameter χ = γE/E cr , where E is a measure of the amplitude of the crystal electric field and where γ is the electron Lorentz factor, it can be expressed as χ 1. The relation between radiation reaction and the emission of multiple photons in a regime where quantum recoil is substantial has been pointed out in [39] in the interaction of ultrarelativistic electrons with intense laser fields. In the quantum radiation reaction regime the typical energy of the emitted photons is comparable to the energy of the incoming electron (χ 1) and multiple photon emission is more probable than single photon emission. In laser-electron interaction it is customary to assume the laser field to be "strong" in the sense that the parameter ξ l = |e|E l /mcω l , where E l and ω l are the laser amplitude and the angular frequency, respectively, is much larger than unity [38, 39, 17] . At ξ l 1 each photon emission occurs with the absorption of several laser photons and the radiation is formed over a length (formation length) much shorter than the laser wavelength. Thus, the formula of the radiation emission probability in a constant crossed field (CCF) can be employed [36, 18, 8] . A more general definition of the parameter ξ l (indicated below as ξ) is related to the importance of relativistic effects in the electron transverse motion, with respect to the direction of its average velocity: ξ = p ⊥,max /mc, where p ⊥ = γmv ⊥ is the transverse momentum [36] . In the ultrarela-tivistic regime the parameter ξ also represents the maximum angular deflection during the electron's motion from its average direction, divided by the characteristic angle of radiation 1/γ. In the terminology used in [36] the conditions ξ 1 and ξ 1 thus correspond to the dipole and the magnetic bremsstrahlung (or CCF) limits, respectively.
One of the main reasons why such an old, fundamental and outstanding problem as the radiation reaction problem is still unsolved, relies on the difficulties in detecting it experimentally. As we have hinted above, the rapid development of laser technology has renewed the interest in this problem because the strong fields provided by intense laser facilities may allow for the experimental measurement of radiation-reaction effects (we refer to the review [10] for papers until 2012 and we also mention the recent studies [19, 20, 17, 21, 22, 38, 23, 24, 25, 26, 27] ). In [28] we have realized that the strong electric fields in aligned crystals may be also suitable for measuring radiation-reaction effects and test the LL equation. In an aligned crystal, in fact, under suitable conditions identifying the so-called channeling regime, an electric charge also oscillates similarly as in a laser field and may thus radiate a substantial fraction of its energy.
In target is placed. The He chamber reduces multiple scattering of the positron such that the incoming particle angle can be measured precisely using the detectors M1 and M2.
After the positron enters the crystal, multiple photons and charged particles will leave the crystal. We have ensured also theoretically that electron-positron pair production by the emitted photons is negligible in the considered experimental conditions. To sweep away the charged particles, two large magnets were placed before the final set of tracking detectors. The photons emitted inside the crystal then reach a thin converter foil, 200 μm of Ta, corresponding to approximately 5% of the radiation length X 0 , which in turn corresponds to 7/9 of the mean free path for pair production by a high-energy photon [45] . The thickness was optimized such that most of the time a single photon among those emitted by each positron converts to an electron-positron pair. The produced pair then passes through M3 and M4 before entering a small magnet, such that the momenta of the electron and the positron can be determined based on the resulting angular deflection. Finally, the deflected electron and positron pass through M5 and M6.
As we have mentioned, unlike using a calorimeter, this setup has the great advantage that it allows one to measure the single-photon radiation spectrum since only a single, randomly chosen, of the several emitted photons converts to a pair in the thin foil. It is important to point out that for photon energies much larger than the electron rest energy, as most of those emitted in our experiment, the conversion of a photon into an electronpositron pair in the thin foil is independent of the photon energy [45] . Thus, the presence of the thin foil does not alter the spectrum of the photons emitted in the crystal. The tracking algorithm used in the analysis of the data to correctly determine the energy of the photon which originated from the measured electron and positron is described in the Supplementary Materials. It is clear that the spectrum originating from this procedure can not be directly compared to the theory since the response of the setup is complicated by "practical" effects such as multiple scattering in the converter foil and the presence of air. Therefore a simulation of the experimental setup which can "translate" the theoretical photon spectra into the corresponding experimental ones has been developed, the details of which can also be found in the Supplementary Materials.
In figure 2 , left panel, we show the experimentally obtained counting spectra for the "background" case, when no crystal is present, for the "random" case when the crystal is present but not aligned with respect to the positron beam, and for the "align" case, when the crystal's 111 axis is aligned with the positron beam. In the right panel we show a comparison of the experimental and the theoretical results in the amorphous case.
The theoretical, simulated curves, are denoted by "sim" (see also the Supplementary Materials). In the vertical label of this plot X 0 = 9.37 cm is the radiation length of Si.
In the random orientation the radiation emission is the well understood Bethe-Heitler bremsstrahlung [45] and the agreement here therefore shows that the simulation of the setup is accurate. The result in the random orientation was used as a way to normalize the theoretical results to the experiment by a scaling factor. This is necessary since the efficiency of the setup depends not only on the geometry of the setup, multiple scattering etc., but also on the inherent efficiency of the MIMOSA detectors.
We have considered four different theoretical models to compare with the experiment.
These models are described in the section Materials and Methods in the Supplementary Materials, and, depending on which effects they include, are indicated as classical plus radiation reaction model (CRRM), semiclassical plus radiation reaction model (SCRRM), quantum plus radiation reaction model (QRRM), and quantum with no radiation reaction model (QnoRRM). In figure 3 we show the result of such a comparison in the cases of the 3.8mm crystal (left) and the 10.0mm crystal (right). As we have anticipated, among the four models described in the Supplementary materials, only the QRRM can be considered in reasonable agreement with the experimental data, indicating the importance of including both quantum and radiation-reaction effects in the modeling. As we have also hinted, the remaining discrepancy can likely be attributed to the use of the CCF approximation in regions at the limits of its applicability. However, to the best of our knowledge, no complete theory of quantum radiation reaction, valid in all regimes, has yet been devised as it would essentially imply an exact computation of the emission probability of an arbitrary number of hard photons.
For the sake of completeness, in figure 4 we show the positron power spectra according to the four mentioned theoretical models before the translation based on the simulation of the setup has been carried out. Here it is seen that for both thicknesses the curves corresponding to the "QnoRRM" are the same but that this is not the case after the translation is carried out (see figure 3) . The main reason for this is that the efficiency of the experimental setup depends on the total number of produced photons. This effect becomes severe when the number of photons that can convert in the foil becomes appreciable compared to ∼ 26, considering the 5% of the radiation length X 0 converter foil such that multi-photon conversion becomes likely. In such events the original photon energy can not be found and is thus rejected (this also shows the necessity of doing such a simulation of the experimental setup). It is seen in the 3.8 mm case that there is a qualitative agreement between figure 3 and figure 4 in the relative sizes of the spectra compared to each other. However, in the case of the 10.0 mm crystal it is seen, for example, that the spectrum corresponding to the "QRRM" model is higher than that corresponding to the "SCRRM" in figure 3 , whereas the opposite occurs in figure 4 . This is possible due to the many more soft photons being predicted in the "SCRRM" calculation than in the "QRRM", which lowers the translated spectrum because of the discussed rejection of multi photon conversion events in the foil.
Supplementary Materials and Methods
Theoretical Models We have considered four different theoretical models to compare with the experiment:
1. Classical plus radiation reaction model (CRRM). In this model, we include radiation reaction classically, i.e., we determine the positron trajectory via the Landau-Lifshitz (LL) equation mcdu i /ds = (q/c)F ij u j + g i , where (see, e.g., [31] ) Here, u i is the positron four-velocity, s its proper-time, q = e > 0 and m its charge and mass respectively, and F ij the electromagnetic field tensor of the crystal (see, e.g., [32] ). The crystal field has been modeled starting from from the sum of DoyleTurner string potentials [33] , centered on a regular grid according to the diamond cubic crystal structure. Once the positron trajectory has been determined, the emission spectrum has been computed starting from the Liénard-Wiechert potential and following the standard procedure, as described, e.g., in [32] .
Semiclassical plus radiation reaction model (SCRRM). In this model we "partially"
include quantum effects following an approach described, e.g., in [34] , where the term involving the derivative in Eq. (1) is neglected and the remaining two are multiplied by the ratio between the quantum total emitted power and the corresponding classical quantity. The emission spectrum has then been evaluated as in the CRRM.
This model phenomenologically takes into account that quantum effects reduce the total radiation yield but it does not account for the intrinsic stochasticity of the photon emission process (see, e.g., [35] ).
Quantum plus radiation reaction model (QRRM). In this model the radiation emis-
sion is taken into account fully quantum mechanically, i.e., the positron propagates classically within the crystal according to the Lorentz equation and, in a genuinely random way, it emits photons and undergoes the corresponding recoil. A numerical program has been written to determine the positron dynamics and emission spectrum according to the following procedure. At each step in the time evolution of the positron trajectory the probability of single photon emission in that time interval is originally calculated within the constant-crossed field (CCF) approximation (see, e.g., Eq. (4.36) in [36] ) and a random number generator decides if the emission takes place or not (the time step has been chosen sufficiently small such that the resulting single-photon emission probability is much smaller than unity). In the former case, on the one hand, the photon energy is also determined by sampling another random number using the procedure shown in [37] , such that the emitted photons are consistently distributed in accordance with the formula for radiation emission also in the CCF approximation (see Eq. (4.24) in [36] ). On the other hand, the momentum of the emitted photon is directed along the positron momentum at the instant of emission (which is an excellent approximation in the ultrarelativistic regime) and it is subtracted from the positron momentum before the trajectory solver starts out with the new initial conditions according to the Lorentz equation. As we have mentioned, the emission probabilities within the CCF approximation are employed here (like in e.g. [35, 38, 39] ). However, since ξ is in some cases only comparable to unity in the experiment, the model has been improved. In fact, for low energies of the emitted photons ω ε 0 , the formation length of the emission process is given by l f (ω) = 2γ 2 c/ω, where γ is the Lorentz factor of the positron at the instant of emission [36] . Thus, if we denote as λ 0 the typical oscillation length of a channeled positron, we expect that the CCF approximation does not work for frequencies lower than ω c , with l f (ω c ) = aλ 0 /2, where a is a constant of the order of unity. In order to determine the constant a, we have used the fact that at low photon energies, where it is not valid, the CCF approximation significantly overestimates the emitted radiation yield with respect to the more general and more accurate approach of Baier et. al. described in [36, 40, 41, 42] and also used numerically in several channeling codes [43, 44] . Thus, as the simplest approach, we have modified the CCF emission probability by setting it to zero for photon frequencies below ω c . The constant a has been fixed by requiring that the resulting total yield coincides with the total yield given by the more accurate approach by Baier et al. [36, 40, 41, 42] This also implies that if the number of photons above the pair production threshold in the converter foil exceeds ∼ 26, one will begin to see the experimental photon spectrum drop due to multiple photon conversion. We recall that, as we have mentioned in the main text, the thickness of the converter foil corresponds to about (7/9) × 5% 1/26 of the average length that a photon covers before converting into an electron positron pair.
Therefore, optimally, this regime is avoided.
In each event all tracks are determined in M1, M2, and M3 as well. The chosen track in these detectors is the one with the closest approach to the pair origin already determined in the converter foil. Finally, the positron entry angle is determined from the hits in M1
and M2 of this track.
It is clear that the photon energy spectrum originating from this procedure can not be directly compared to the theoretical spectra because the response of this setup is com- dynamics [45] . The only non-trivial input to such a simulation of the setup, is the spectrum of the radiation emitted by the positrons in the crystal, which we have determined theoretically according to the four models described above. Finally, the simulation of the setup produces data-files of the same format as those obtained from the data acquisition in the experiment, which are then both sent through the tracking algorithm.
